Differences in nutrient availability have led to the evolution of diverse metabolic 21 strategies across species, but within species these strategies are expected to be 22 32 dairy environments, and they grow faster in galactose, but slower in glucose, 33 revealing a tradeoff on which balancing selection may have acted. 34 35 48 49
similar. Here, we discovered that the galactose metabolic pathway in the yeast 23 Saccharomyces cerevisiae exists in two functionally distinct, incompatible states 24 maintained by ancient balancing selection. We identified a genetic interaction for 25 growth in galactose among the metabolic genes GAL2, GAL1/10/7, and PGM1. 26 We engineered strains with all allelic combinations at these loci and showed that 27 the reference allele of PGM1 is incompatible with the alternative alleles of the 28 other genes. We observed a strong signature of ancient balancing selection at all 29 three loci and found that the alternative alleles diverged from the reference alleles 30 before the birth of the Saccharomyces sensu stricto species cluster 10-20 million 31 years ago. Strains with the alternative alleles are found primarily in galactose-rich Introduction 36 37 To grow and reproduce, organisms must extract chemicals from their 38 environments and convert them into energy and cellular building blocks. 39 Variation in nutrient availability between environments has led to the evolution 40 of diverse and complex interconnecting metabolic enzymatic pathways. In 41 humans, mutations in these pathways give rise to diseases known as inborn errors 42 of metabolism (1). The budding yeast Saccharyomyces cerevisiae has been 43 extensively used as a model system for unraveling the genetic and biochemical 44 basis of eukaryotic metabolism (2). Although S. cerevisiae prefers glucose as a 45 carbon source, it can utilize a wide variety of other sugars, and work over many 46 decades has identified and characterized the regulatory and enzymatic 47 components of pathways that process various carbon sources (3). pathway and identified specific allelic combinations of these genes that are 79 incompatible for growth in galactose. We characterized the global distribution of 80 these alleles in over 1000 yeast strains (12, 13) and found that most strains contain 81 one of two functionally distinct versions of the galactose metabolic pathway that 82 have been maintained by ancient balancing selection. We experimentally 83 identified a fitness trade-off between these versions which provides a possible 84 explanation for the maintenance of these alleles. 85 86 Results 87 88 Genetic mapping identifies a three-way genetic interaction for galactose 89 growth 90 91 We previously used a panel of ~14,000 haploid S. cerevisiae progeny, derived 92 from crosses of 16 parental strains, to map over 4,500 quantitative trait loci 93 (QTLs) that influence growth in 38 different conditions (16). When we searched 94 for non-additive QTL interactions, one higher-order interaction stood out by 95 virtue of its large effect size and high statistical significance. This interaction 96 involved three loci and influenced growth in galactose for progeny from a cross 97 between a soil isolate, CBS2888, and a clinical isolate, YJM981 (three-way effect 98 size 0.19, P<10 -15 ; Figure 1a ; Table 1 ; Supplementary Table 1 ). The same 99 interaction was replicated in the second cross that had CBS2888 as a parent 100 (three-way effect size 0.19, P<10 -12 ), but it was not observed in any of the other 101 14 crosses, suggesting that it was driven by CBS2888 alleles (Supplementary 102 Figure 1 ). The three QTLs are located on different yeast chromosomes (II, XI, 103 and XII) and, as expected, segregate independently (chi-square test, P=0.20). 104 Together, these QTLs account for 57% of the phenotypic variance of growth in 105 galactose, with 36% of the variance explained by additive effects and 21% by 106 interaction effects. The non-additive nature of the effects of the three loci is best 107 illustrated by the phenotype of segregants that inherit the CBS2888 allele at the 108 loci on ChrII and ChrXII and the non-CBS2888 allele at the locus on ChrXI-109 these segregants grow much more slowly in galactose than do those with any 110 other combination of alleles ( Figure 1a ).
112
The causal genes are members of the galactose metabolic pathway 113 114 We examined the three QTL confidence intervals in detail and observed that all 115 three contained genes that encode components of galactose metabolism ( Figure   116 1b) (4). The ChrII QTL contained GAL1, GAL10, and GAL7, the ChrXI QTL 117 contained PGM1, and the ChrXII QTL contained GAL2. We also found that the 118 CBS2888 alleles of these genes were highly diverged from those of the other 15 119 parental strains in our previous study (16), with less than 80% sequence identity 120 with the reference genome for coding and promoter regions of GAL1, GAL2, 121 GAL7, and GAL10, and 94% sequence identity for the coding region but only 122 48% for the promoter region of PGM1. In contrast, coding regions and promoters 123 of genes from the CBS2888 genome have an average sequence identity with the 124 reference genome of 99.3% and 98.6%, respectively ( Supplementary Figure 2) . 125 The CBS2888 allele of the GAL2 locus contains a duplication of GAL2 126 (Supplementary Figure 3 ). We hereafter refer to the divergent galactose alleles 127 found in CBS2888 as the alternative alleles, and the alleles observed in the other 128 strains as the reference alleles.
130
To test whether variants in these genes underlie the QTL signals, we used 131 CRISPR-Cas9 to engineer strains with all eight possible combinations of the three 132 alternative and three reference galactose alleles in a common genetic background 133 (Methods; Supplementary Tables 2-4)(17). For the GAL1/10/7 and GAL2 loci, we 134 replaced these genes and their intergenic regions in a laboratory strain with the 135 alternative regions from CBS2888, including the GAL2 duplication 136 ( Supplementary Figure 3 ). For the PGM1 locus, we replaced only the promoter 137 region based on the observed divergence pattern described above. We measured 138 the growth rates of the eight engineered strains in galactose and found that the Table 1 ). The strain with all three alternative alleles attained the highest growth 141 rate in galactose (0.40 doublings per hour), growing 17% faster than the strain 142 with all reference alleles (0.34 doublings per hour. P<10 -7 ). The strain with the 143 combination of the reference PGM1 promoter allele and the alternative alleles of 144 the other GAL genes exhibited a severe growth defect and had the lowest growth 145 rate of all the engineered strains (0.23 doublings per hour, 43% slower than the 146 strain with all three alternative alleles, P<10 -6 ). These results confirm that variants 147 in the coding and intergenic regions of GAL1/10/7 and GAL2 and in the promoter 148 region of PGM1 are responsible for the observed QTL interaction. Further, we 149 find that the reference PGM1 promoter allele is incompatible with the alternative 150 GAL1/10/7 and GAL2 alleles. To better understand cis-acting regulatory differences between the alternative and 156 reference galactose alleles (18), we grew a diploid hybrid strain (CBS2888xBY) 157 in glucose, transferred it to galactose medium, and sequenced RNA from samples 158 collected throughout a growth time course. In glucose medium, the expression of 159 the CBS2888 allele of PGM1 was slightly lower than that of the reference allele. 160 In contrast, one hour after the switch to galactose, the expression of the CBS2888 161 allele of PGM1 was 15.5-fold higher than that of the reference allele (P<10 -100 ), The incompatible combination of galactose alleles is not found in nature 174 175 We were surprised to find two functional, but incompatible, versions of a 176 conserved metabolic pathway co-existing in a single species. To learn whether 177 strains with the incompatible combination of galactose alleles are found in nature, 178 we searched for the alternative and reference galactose alleles in two large 179 collections of sequenced S. cerevisiae isolates from around the globe, together 180 comprising 1,276 strains ( Figure 2a )(12, 13). We identified three most common 181 combinations of galactose alleles: only reference alleles (1213 strains), only 182 alternative alleles (49 strains), and 8 strains from China with the alternative 183 GAL1/10/7 allele and alleles of GAL2 and the PGM1 promoter that differ from 184 both the reference and the alternative alleles ( Supplementary Table 6 ). In 185 addition, one strain had a deletion of the entire region containing GAL1/10/7, 186 three strains contained reference alleles at all loci except GAL7, and two strains 187 were heterozygous at the PGM1 promoter and homozygous for the reference 188 alleles at the other loci, indicating that strains with alternative and reference 189 galactose alleles have not been completely reproductively isolated from each 190 other. This is also demonstrated by the phylogenetic distribution of the isolates 191 with alternative GAL alleles (Figure 2a ). We found no strains with the reference PGM1 promoter allele and the alternative GAL1/10/7 and GAL2 alleles-the 193 combination which causes a severe growth defect in the lab-suggesting that this 194 combination causes a fitness disadvantage in natural environments and has been 195 purged by selection. This hypothesis is further supported by a high linkage 196 disequilibrium index ( =0.59) for the three loci ( Supplementary Figure 7) (20). In 197 comparison, random trios of single-nucleotide polymorphisms with a similar 198 frequency (4-5%) have an average of 0.041 (95% C.I.=0.008-0.18).
200
We examined the sources of isolation of the 1,276 strains and found that the One hypothesis for the origin of the alternative galactose alleles in S. cerevisiae 212 is a recent introgression around the time of domestication of milk-producing 213 animals (15). We searched the genomes of all sequenced yeast species and did 214 not find any that could have donated the alleles. We also noted that the alternative 215 galactose alleles are found in strains that were not isolated from domesticated 216 dairy environments, including CBS2888, which is a South African soil isolate, as 217 well as human clinical isolates from Europe and soil and forest isolates from 218 China. The global distribution of these alleles outside of dairy lineages and the 219 lack of an obvious donor species suggested that they may have a more ancient Table 2 , Supplementary Table 7 ). We 246 note that three other genes in CBS2888 (NTC20, BSC4, RFX1) are estimated to 247 have dS>1.0, but lack an associated signature of balancing selection at nearby We next looked for a mechanism that could underpin the observed growth 269 differences. In strains with reference alleles, the GAL genes are robustly repressed 270 by glucose and induced by galactose (4). The repression in glucose leads to a 271 pause in growth known as the diauxic shift after the yeast consume all the glucose 272 and must switch to metabolizing galactose. We found that strains with the three 273 alternative galactose alleles do not undergo a diauxic shift during the switch from 274 glucose to galactose (Figure 4d, Supplementary Figure 12ab We discovered that the key components of the galactose pathway in the yeast 290 Saccharomyces cerevisiae (GAL1/10/7, GAL2, and PGM1) exist in two distinct 291 functional but incompatible allelic versions. The alternative alleles of these genes 292 are highly diverged from the reference alleles, and they are found primarily in 293 isolates from galactose-rich environments, such as cheese, kefir, and milk. We 294 show that balancing selection has maintained the two versions of the pathway for 295 millions of years. We discovered a trade-off between the two versions-strains 296 with the alternative alleles grow faster in galactose but slower in glucose. Carbon 297 source composition varies substantially between natural environments (21, 22), 298 and we propose that the availability of galactose determines the relative fitness of 299 strains carrying the alternative alleles, providing a mechanism on which 300 balancing selection has acted.
302
The alternative alleles of GAL1/10/7 and GAL2 that we identified show high 303 sequence similarity to alleles previously found (12-14) and recently characterized 304 in Chinese isolates (15). It was proposed that that S. cerevisiae acquired the 305 alternative GAL1/10/7 and GAL2 galactose alleles through introgression 306 approximately 10,000 years ago, around the time humans domesticated milk-307 producing animals, but no species that could have donated these alleles was 308 identified (15). The divergence pattern we observe near the alternative alleles is 309 not consistent with a relatively recent introgression, and instead supports the 310 conclusion that the alternative and reference galactose pathways have been 311 maintained by multi-locus balancing selection for millions of years. Balancing 312 selection has typically been observed at single loci. Multi-locus balancing 313 selection is expected to be rare because it has to overcome independent 314 segregation of alleles at the different loci, therefore requiring strong selective 315 forces, and few empirical examples have been reported previously (11). Unless otherwise specified, all computational analyses were performed in R 370 (v3.6.1)(37).
372
Quantitative trait mapping. 373 374 We obtained the additive QTL for each of the 38 phenotypes that were measured 375 in ~14,000 progeny from 16 parental crosses in Bloom et al (16) . We tested all 376 triplets of these QTL to see whether they were involved in any three-way QTL 377 interactions. Specifically, for unique triplet combination of QTLs for each trait 378 and cross we built a linear model with all additive QTLs, two-way QTLs, and the 379 three-way QTL interaction terms. We tested whether this model fit significantly 380 better than a nested model that included only additive QTLs and two-way 381 interaction terms using a likelihood ratio test. We considered any three-way 382 interaction with a q-value less 0.1 to be significant. The coefficient of variation, For the PGM1 locus, we replaced the BY4741 PGM1 promoter sequence with 405 the CBS2888 PGM1 promoter allele. We generated a repair template that 406 contained the 2.9kb CBS2888 promoter sequence flanked by homology arms that 407 were identical to the ends of the nearest flanking genes, PMU1 and PGM1. For 408 the GAL2 locus, we replaced the BY4741 GAL2 sequence and the surrounding 409 non-coding region with the CBS2888 GAL2 allele. We generated a repair 410 template that contained the 5.7kb CBS28888 GAL2 sequence flanked by 411 homology arms that were identical to the ends of the nearest flanking genes 412 EMP46 and SRL2. For the GAL1/10/7 locus, we replaced the BY4741 GAL1/10/7 413 sequence and the surrounding non-coding region with the CBS2888 GAL1/10/7 414 allele. We generated a repair template that contained the 7.3kb CBS2888 415 GAL1/10/7 sequence flanked by homology arms that were identical to the ends of 416 the nearest flanking genes KAP104 and. We co-transformed these repair 417 templates with selectable plasmids expressing two guide-RNAs that exclusively 418 cut near the 3' and 5' ends of the BY4741 region. We picked colonies and 419 confirmed they had the exact intended replacement allele sequences using 420 multiple sanger sequencing reactions (YLK3267, YLK3268, YLK3269).
422
We mated strains with the CBS2888 GAL2 and PGM1 promoter to obtain a 423 heterozygous diploid (YLK3270), which we sporulated to get a haploid strain 424 with both CBS2888 alleles. This strain was then mated to a strain with the 425 CBS2888 GAL1/10/7 allele to obtain a heterozygous diploid (YLK3271). We 426 also took care to ensure that auxotrophies and the drug marker were homozygous 427 in this strain. We sporulated this strain and PCR genotyped the progeny. From 428 this cross, we obtained two isolates of each of the eight possible combinations of 429 the CBS2888 and BY4741 galactose alleles.
431
We made a point mutation in the GAL4-binding site of the CBS2888 promoter in 432 strains with the CBS2888 GAL1/10/7, PGM1 promoter, and GAL2. We used a 433 plasmid that expressed a single guide RNA, which was co-transformed with a 434 repair template. We confirmed that strains had the desired mutation using sanger 435 sequencing (YLK3288-3291 Growth rate was quantified as the geometric mean rate of growth (GMR). Our 452 procedure for calculating the GMR follows that described in Brem et al (9). 453 Briefly, a spline was fit in R using the splinefun function, and the time spent ( ) 454 between OD 0.2 and 0.8 was calculated. The GMR was then estimated as the 455 log(0.8 0.2 ⁄ ) / . We then converted this GMR into doublings per hour. In each 456 experiment, we measured the growth of three biological replicates of each strain. 457 To determine whether the diauxic shift differed between our allele replacement 458 strains, we grew these strains in 1% glucose/1% galactose medium and calculated 459 the GMR between 0.8 and 1.1. This range of OD captures the range over which 460 the reference strain pauses and restarts growth in 1% glucose / 1 % galactose 461 medium.
463
To determine whether our allele replacement experiments recapitulated our QTL 464 results, we fit a linear model with additive, two-way, and three-way interactions 465 terms. We performed a likelihood ratio test to determine whether this model fit 466 significantly better than the two-way interaction model. The coefficient of 467 variation 2 was used to quantify the variance explained by the different QTL 468 models. In the model with all additive and interaction terms we used a T-test to 469 determine whether the three-way interaction term was significant.
471
In all of our growth experiments, we performed Welch's t-tests to determine 472 whether certain allele replacement strains had significantly different growth rates 473 from each other.
475
To align the growth curves across a 96-well experiment for visualization 476 purposes, for each well we identified the last time point that was less than OD 477 0.2, and the first time point that was greater than or equal to OD 0.2. We linearly 478 interpolated these time-points to get an estimate for at OD = 0.2 and calculated 479 an adjusted time for all wells. We obtained the genome assemblies from two large collections of sequenced 511 yeast isolates, comprising 1,277 total isolates (12, 13). We used BLAST (v2.6.0) to align the alternative (CBS2888) and reference GAL1, 528 GAL10, GAL7, GAL2, and PGM1 promoter alleles to each of the 1,276 genome 529 assemblies (44). We removed any alignments that did not cover greater than 80% 530 of the length of the query sequence and retained the best alignment. We classified 531 the galactose genes in each strain as alternative if the alignment had greater than 532 90% identity to the alternative allele and less than 90% to the reference allele. 533 Equivalent criteria were used to classify strains as having the reference allele. The 534 reference PGM1 promoter contained a Ty transposon, which fragmented most of 535 the assemblies with the reference allele. For this gene, we only required that the 536 alignment covered greater than 40% of the query sequence. Even with this relaxed 537 criterion for some genes in some strains we were still not able to make a 538 classification, usually due to additional assembly fragmentation. For 70 strains 539 we were not able to assign the PGM1 promoter, for 62 strains we were not able 540 to assign GAL2, and for one strain we were not able to assign GAL7. In these 541 cases, we determined which allele was present by manually combining multiple 542 partial alignments. During this process, we identified 8 strains collected in China 543 that had neither a reference or alternative GAL2 or PGM1 promoter allele. On 544 closer inspection, all of these strains had distinct alleles (<90% sequence identity 545 to both the reference and alternative alleles) at both of these loci.
547 548
Analysis of the linkage disequilibrium between galactose alleles.
550
To analyze the patterns of linkage disequilibrium (LD) between the galactose 551 alleles, we could not use a standard measure of LD, 2 , because it cannot be 552 calculated between more than two loci. Instead, we used an entropy-based method 553 (eLD) which generates a LD index ( ), which can be applied to arbitrary numbers 554 of alleles (20). We calculated using the genotypes of the galactose alleles that 555 we inferred for the 1,276 strains. Strains with the Chinese alleles were 556 conservatively assigned as the reference. The yeast population is highly 557 structured, and as such the null expectation for will be inflated relative to an 558 unstructured population. We calculated a null distribution by randomly selecting 559 10,000 triplets of SNPs from different chromosomes and calculating . 
